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Abstract 
During the aircraft icing process caused by super-cooled droplet impingement, 
the surface temperature and heat flux distributions of the skin would vary due to the 
solid substrate heat conduction. An unsteady thermodynamic model of the phase 
transition was established with a time-implicit solution algorithm, in which the solid 
heat conduction and the water freezing were analyzed simultaneously. The icing 
process on a rectangular skin segment was numerically simulated, and the variations 
of skin temperature distribution, thicknesses of ice layer and water film were obtained. 
Results show that the presented model could predict the icing process more accurately, 
and is not sensitive to the selection of time step. The latent heat released by water 
freezing affects the skin temperature, which in turn changes the icing characteristics. 
The skin temperature distribution would be affected notably by the boundary 
condition of the inner skin surface, the lateral heat conduction and thermal property of 
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the skin. It was found that the ice accretion rate of the case that the inner surface 
boundary is in natural convection at ambient temperature is much smaller than that 
with constant ambient temperature there; due to the skin lateral heat conduction, the 
outer skin surface temperature increases first and then decreases with uneven 
distribution, leading to an unsteady ice accretion rate and uneven ice thickness 
distribution; a smaller heat conductivity would lead to a more uneven temperature 
distribution and a lower ice accretion rate in most regions, but the maximum ice 
thickness could be larger than that of higher heat conductivity skin. Therefore, in 
order to predict the aircraft icing phenomenon more accurately, it is necessary to 
consider the solid heat conduction and the boundary conditions of the skin substrate, 
instead of applying a simple boundary condition of adiabatic or a fixed temperature 
for the outer skin surface. 
Keywords 
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accretion rate; Numerical simulation. 
1 Introduction 
When an aircraft is under icing atmospheric conditions, ice accretion due to the 
super-cooled droplet impingement may occur on the windward surface such as the 
lifting surface and engine intake lip1, which would pose severe threat to flight safety2. 
Ice accretion would cause the deterioration in the aerodynamic performance due to the 
change of aerodynamic configuration, leading to a decrease of lift and increase of 
drag. It might also affect the engine performance and even cause the engine surge. In 
addition, ice accretion on windshields and sensors would affect the view and 
judgement of the pilots3. Therefore, flight accidents caused by ice accretion often 
occur, making up about 9 percent of all flight accidents according to the statistics 
from NASA4. In view of the serious threats that ice accretion would impose on flight 
safety, it is an urgent need to analyze the icing mechanism and consider the 
characteristics and factors of aircraft ice accretion comprehensively. 
Aircraft icing is a phase change process when super-cooled droplets impinge on 
the skin surface, which involves mass transfer and energy exchange, and the ice 
accretion rate is dominated by the thermodynamic mechanism of the water film on the 
surface. Researchers have long noticed the threat of aircraft icing on flight safety. A 
large number of studies on heat and mass transfer theories and numerical simulation 
methods of ice accretion process have been carried out, and series of relevant software 
and codes were developed such as LEWICE5, FENSAP-ICE6, ONERA7, TRAJICE8, 
and CIRAAMIL9, in which various thermodynamic models were applied and among 
them the Messinger’s model, Shallow-Water model and Myers’ model were most 
widely adopted. 
Messinger’s model was presented in 195310 and has been applied in LEWICE. 
The icing surface is divided into several control volumes, and the mass and energy 
conservation of each control volume is analyzed to establish the integrated 
thermodynamic equations. When super-cooled droplets impinge on icing surface, part 
of them freeze due to the disturbance, and the rest run back to downstream. The 
relevant energy transfer terms include: the latent heat released by the water freezing, 
the convective heat dissipation to the air, the latent heat of water evaporation, the 
aerodynamic heating, and the kinetic energy of the impinging droplets11. The above 
terms determine the ice accretion rate. Almost all of the current icing thermodynamic 
models are developed based on Messinger’s theory. However, it assumes that skin is 
adiabatic, and considers only the energy transfer on the boundary of the control 
volume, which means the heat transfer between the water film and ice layer as well as 
the details of the water film runback have not been taken into account. 
Based on Messinger’s theory, FENSAP-ICE established Shallow-water model12, 
considering the unsteady processes of water film growth, runback, and freezing. It 
assumes that the liquid water forms a water film on the surface of the skin or ice layer, 
of which the thickness would change with time and the runback water is driven by 
forces such as the shear stress. The energy conservation equation of water film is 
coupled with its momentum equation to determine the film thickness, ice accretion 
rate, and ice shape. To simulate ice accretion with Shallow-water model, the boundary 
of the outer skin surface is assumed as adiabatic, and the heat transfer between ice 
layer and skin has not been considered.  
Myers’ model13 refined the unsteady heat transfer and phase transition process 
of the water freezing on the skin surface. The aircraft skin is assumed as a fixed 
temperature substrate, and the latent heat of freezing transfers through water film and 
ice layer to the external air and the internal skin, respectively. Based on Stefan theory, 
unsteady Myers’ thermodynamic model is established to obtain the ice accretion 
characteristics of rime ice or glaze ice. Since the time discretization scheme is explicit 
in Myers’ model14, special treatment is needed for the case of liquid water film or 
glaze ice at the first time step15. Based on Myers’ model, researchers further added the 
momentum equation of the water film similar to Shallow-water model16,17, and 
extended it to 3D calculations18. Brakel14 studied the effects of skin material on the 
icing process. However, the heat transfer between ice layer and skin substrate was 
calculated using an assumed fixed convective heat transfer coefficient, and the lateral 
heat conduction was not considered. 
The general icing thermodynamic models discussed above focus on the water 
film runback and the icing process with different heat fluxes after the super-cooled 
droplet impingement, while the variation of the internal skin temperature distribution 
and its effects on the ice accretion process have not been considered. Kong19 
conducted phase transition experiments of super-cooled water for icing mechanism, 
and found that the ice accretion process of the substrate icing was different from that 
of the free icing, and was affected by the heat conductivity of the substrate material. 
Gao20 experimentally studied the ice accretion process of a wind turbine blade in 
icing wind tunnel, and the results showed that the ice accretion on the skin was a 
transient process. The skin temperature increased with time when ice accretion 
occurred, and the temperature change of the rime ice was different from those of the 
glaze ice and the mixed ice. Li21 conducted icing experiments with the skin materials 
of aluminum and thermoplastic, and analyzed the effects of the thermal conductivity 
of the airframe substrate on the unsteady heat transfer of the dynamic ice accretion 
process. It was found that the icing process was strongly coupled with the solid skin 
heat conduction, and the substrate material would significantly affect the surface 
temperature distribution and the ice accretion characteristics. Besides the 
experimental studies, Morency22 applied CANICE to calculate the ice shape on a 
metal skin for an anti-icing system without any heat load. The simulated ice accretion 
rate near the end of the icing area was higher than the result which did not consider 
the skin heat conduction. Using Messinger’s model, Shen23 found that the lateral heat 
conduction of skin would affect the ice shape when conducting coupled simulation of 
the ice accretion and the skin heat conduction for an electro-thermal anti-icing system. 
Chauvin 24  numerically studied the influence of the normal and lateral heat 
conductions of the solid skin on the icing process, and compared the results obtained 
by ONERA model and Messinger’s model. It was found that the lateral heat 
conduction significantly affected the ice shape of the airfoil, but the skin temperature 
variation and the mechanism of its effects on ice shape were not analyzed. 
In general, aircraft icing process is determined by both the external ambient 
air-droplet conditions and the internal skin heat conduction. The thermodynamic 
models of current icing codes and software only focused on the heat and mass transfer 
at the outer side of the skin, neglecting the interaction of the solid heat conduction and 
the water freezing process. Studies on the temperature variation of the skin substrate 
and its effects on the unsteady icing process were rare. This work focuses on the 
effects of skin heat conduction on aircraft icing process. In the following section, the 
coupled unsteady ice accretion model, including the transient heat conduction of the 
skin substrate and the transient icing thermodynamic model, is provided with its 
solution procedure. The geometry and the boundary conditions of the tested 
rectangular skin segment are described in Section 3. In Section 4, the established 
model is validated, and then the effect of the time step is checked. At the later part of 
this section, the effects of the normal/ lateral conduction and physical property of the 
skin substrate on the icing process are analyzed. The research would contribute to the 
improvement of aircraft icing mechanism and the development of precise numerical 
simulation method for aircraft icing. 
2 Mathematical Models 
The heat transfer of water film, ice layer, and skin substrate as well as the ice 
growth process are studied in this paper, while the water film flow is neglected. 
Considering ice accretion is an unsteady and coupled process, the transient models of 
the solid skin heat conduction and the water phase transition are established 
respectively, and then solved unsteadily in a loosely coupled method in which the 
outer skin surface is the data exchange interface. 
2.1 Heat conduction model of skin substrate 
Considering the effects of the thermal inertia and unsteady heat transfer of the 
skin substrate on the water freezing process, a heat conduction equation is established 
in the solid domain of the skin. According to Fourier’s law and the conservation 
equation of energy, the differential equation of transient heat conduction is obtained: 
( )Tc k T
t
  =  
  (1) 
Where ρ is the density of the skin material, c is the specific heat capacity, T is the 
temperature, t is the time, and k is the heat conductivity. The boundary condition of 
outer skin surface is coupled with the ice layer, while the inner surface is at a constant 
temperature or a convective heat transfer boundary, depending on the simulation case. 
In the simulations, the cell-centered finite volume method in space and the 
implicit difference method in time are used, as expressed as:  
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Where Δt is the time step, the superscript i means the value at the i-th time step, 
the subscripts m and n mean the cell numbers in the x-axis and y-axis directions. 
2.2 Unsteady thermodynamic model of ice accretion 
In view of the effect of the skin temperature variation on the water freezing 
process, an icing thermodynamic model is needed in which the latent heats transferred 
to the external air and the internal skin are included. Based on Myers’ theory, the 
energy conservation of the unsteady icing process is shown in Figure 1. 
 
Figure 1. Unsteady thermodynamic model of ice accretion considering solid skin heat 
conduction. 
When the ice layer and the water film on the skin are both thin, the heat transfer 
processes of them are assumed as quasi-steady to simplify the problem, and the lateral 
conductions in the water and ice domains are neglected13. Therefore, the governing 
equation for the heat transfer in the water film and ice layer can be written as: 
2
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Where y is the distance in the normal direction. 
The bottom of the ice layer is closely attached with the outer skin surface, so that 
the temperature and heat flux at the ice-skin interface are continuous. A loosely 
coupled iterative method is applied for the solution of the solid domain and the icing 
domain at each time step. The specific method and solution procedure will be 
described in detail in Section 2.3. Since the surface temperature calculated by the heat 
conduction equation of the solid skin is extracted to obtain the ice accretion rate and 
the heat flux at the bottom of the ice layer, the solution of the icing thermodynamic 
model is based on the constant temperature distribution at the ice-skin interface, 
which is similar to the traditional Myers’ model.  
The impinging droplets freeze at the water film-ice layer interface at the phase 
transition temperature, releasing the latent heat. The latent heat flux through ice layer 
to the inner skin Qinner is: 
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Where kice is the thermal conductivity of ice, Tref is the phase transition 
temperature of 273.15 K, Ts is the temperature at the ice-skin interface, and B is the 
thickness of the ice layer. 
The latent heat flux through water film to the outer air Qouter is: 
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Where the kwater is the thermal conductivity of water, Ttop is the temperature at the 
water-air interface, and H is the thickness of the water film. Ttop is determined by the 
energy conservation between the water film and the surrounding air-droplet flow. 
Based on Myers’ model, the heat fluxes through the water film-air interface include13: 
1) air convective heat flux Qc, 2) evaporative heat flux Qe (mass loss of water is 
neglected), 3) sensible heat brought by the impinging droplets Qd, 4) kinetic energy of 
the impinging droplets Qk, 5) aerodynamic heating Qa. They can be obtained by the 
following equations13: 
c top a c top a( )= ( )Q h T T q T T= − −  (6) 
e 0 top a e top a( )= ( )Q e T T q T T= − −  (7) 
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2
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Where h is the air convective heat transfer coefficient, Ta is the ambient air 
temperature, q is intermediate variable just for calculation, χ is the evaporation 
coefficient, 0e  equals 27.03, wc  is the specific heat capacity of water, V is the 
freestream velocity, r is the recovery factor, ac  is the specific heat capacity of air, 
and 
impm&  is the water droplet impinging rate, which can be obtained by25: 
impm V LWC=  &  (11) 
Where β is the droplet collection efficiency, and LWC is the liquid water content. 
Then Eq. 5 can be derived as13: 
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Therefore, the total heat dissipation capacity can be defined as: 
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When the heat dissipation capacity is greater than the latent heat released by 
impinging droplets, all the water would freeze and there would be no liquid water film 
on the skin surface, which means the ice type is rime. In this case, the heat transfer 
flux through the ice layer to the inner skin is: 
top sub
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B
−
=
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Since the ice layer would exchange heat with the external air directly at the rime 
ice case, Eq. 14 could be expressed as: 
a k sl imp c d e s a
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Where isl is the latent heat of water condensation. 
It can be found that the ice accretion rate is determined by the droplet impinging 
rate and the total heat dissipation flux. From Eq. 13, the ice layer thickness could not 
be 0. Therefore, solution algorithm needs special treatment, since there is always no 
ice layer on the skin at the initial state. In the traditional Myers’ model, it is assumed 
that rime ice forms when droplet impinges on the skin surface to avoid the above 
problem, and glaze ice would form only when the ice layer grows to a certain extent13. 
Since the time discretization scheme is explicit, this classic model could not deal with 
the case when glaze ice or liquid water film forms at the 1st time step, and the constant 
surface temperature should be changed to a cooling condition to consider this 
situation15. Furthermore, the variation of the skin surface temperature Ts is not 
considered in the traditional model. 
In the present work, since there is no heat source in the skin, the ice layer is 
always formed when droplets impinge on the surface under icing conditions, ignoring 
the case that only liquid film exists. Considering that it is difficult to change boundary 
condition of the outer skin surface for the icing thermodynamic model, an implicit 
time discretization scheme is used to avoid the problem of B=0 at the 1st time step, 
improving the robustness. To start the algorithm, it is firstly assumed that at the 
current time step, all the water in the control volume, including the liquid water at the 
last time step and the mass flow of the impinging droplets at this time step, would 
freeze, and the outer surface of the ice layer is at the freezing temperature. Then, the 
ice thickness at the current time step can be obtained by:  
i i 1 i 1
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Where ρw is the water density, ρi_r is the rime ice density (880 kg/m3).  
From Eq. 13, the total heat dissipation capacity in this condition is: 
i
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Then the heat dissipation capacity is compared with the latent heat to validate or 
amend the assumption that all water freezes. If the heat dissipation capacity is greater 
than the latent heat flux at this time step, which is expressed as:  
i i 1
ice_cap sl imp w( / )Q i m H t
− +  &  (18) 
All the liquid water would freeze as rime ice, and the water film thickness Hi=0. 
The ice layer thickness Bi is obtained by Eq. 16, and the heat flux through the ice 
layer to the inner skin is: 
i 1 i
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If the total heat dissipation capacity is less than the latent heat flux, Eq. 18 would 
not hold, and part of the water would freeze as glaze ice with the rest remaining liquid. 
However, since the surface temperature changes with time, the heat dissipation 
capacity varies. The liquid water at the last time step might freeze, or the ice layer 
might melt at this time step. Therefore, unlike the traditional Myers’ model, the 
thicknesses of the water film and ice layer could increase or decrease with time. These 
thicknesses and the actual heat dissipation flux Qdis at the current time step are 
calculated by: 
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Where ρi_g is the glaze ice density (917 kg/m3). 
Under this condition, the heat flux through the ice layer to the inner skin is 
obtained by:
 
i
i ref s
inner ice i
=
T T
Q k
B
−
 (21) 
It can be seen from the established thermodynamic model that when the skin 
temperature variation is neglect, the thicknesses of both ice layer and water film 
would only increase over time, and the present model would regress to the traditional 
Myers’ model. 
2.3 Solution Procedure 
The icing process is determined by both the water film phase transition and the 
skin heat conduction, of which the governing equations need to be coupled and 
iteratively solved. The simulation is implemented by the commercial CFD software 
ANSYS FLUENT - 18.1 with its user-defined functions (UDFs) 26. The solution 
procedure is shown in Figure 2.  
To initialize the simulation, the skin temperature is set as the ambient value, and 
the thicknesses of both water film and ice layer are 0. At a certain time step, the 
solution of the skin heat conduction is obtained by the finite volume solver of 
FLUENT, and provides the outer skin surface temperature Tis as an input condition for 
the icing thermodynamic model. Firstly, the total heat dissipation capacity at this time 
step is calculated by Eq. 17 according to Tis. Then, the ice type, rime ice or glaze ice, 
is determined using Eq. 18. At last, the phase transition equations are solved, and the 
heat flux at the ice-skin interface Qiinner is obtained to serve as a Neumann boundary 
condition for the solid skin heat conduction. The calculation continues iteratively until 
the temperature difference between two iterations is small enough, which indicates the 
coupled calculation of the current time step reaches convergence. The parameters 
such as skin temperature distribution, thicknesses of water film and ice layer are saved, 
and then the solution of the next time step begins until the end of the simulation time. 
 
Figure 2. Flow chart of the solution procedure for the coupled ice accretion 
simulation. 
3 Geometry and Boundary Conditions 
To test the present model and study the conjugate heat transfer process, a 
rectangular skin segment is selected to conduct ice accretion simulations as shown in 
Figure 3. The width and thickness of the segment are 30 mm and 3 mm, respectively. 
The upper surface is the outer skin surface adjacent to the external air-droplet domain, 
while the bottom of the skin segment is close to the internal air. The upper surface is 
divided into two halves, naming left zone and right zone. During the simulations, the 
water droplets can be set to impinge on the left zone or on both zones. The boundary 
conditions for the heat exchange with the external air-droplet flow are as follows13: 
the air velocity is 90 m/s in the x direction, the collection efficiency is 0.55, LWC is 1 
g/m3, the air convective heat transfer coefficient is 500 W/m2/K, and the air 
temperatures of 263.15 K and 270 K are selected for the simulations. 
 
Figure 3. Geometry of the skin segment. 
The material of the skin substrate is uniform, and aluminum and steel are applied 
in different simulation cases to study the effects of material property on icing 
characteristics. It can be seen from Table 1 that the thermal conductivities of the two 
metals are very different. The two side faces of the segment are set as adiabatic 
boundary. Generally, there is an air gap inside the aircraft skin, thus the inner surface 
of the skin is in natural convection with the internal air flow. Besides constant air 
temperature condition following the traditional Myers’ model, a Neumann boundary 
condition with the natural convective heat transfer coefficient of 10 W/m2/K is used 
there, and the reference temperature is the same with the external air. In addition, 
other parameters, such as properties of air, water and ice, can be found in Ref. 13. At 
the initial state, the temperature of skin is set as the same with that of the external air, 
and the thicknesses of the water film and ice layer is 0. 
Table 1. Material properties of the skin substrate. 
Material 
Conductivity 
(W/m/K) 
Density 
(kg/m3) 
Specific heat capacity 
(J/kg/K) 
Aluminum 202.4 2719 871 
Steel 16.27 8030 502.48 
 
4 Results and Discussion 
4.1 Model Validation 
To validate the present model, two icing cases (Ta=263.15 K and 270 K) are 
simulated, and in those cases the skin temperature is set constant to meet the 
requirement of Myers’ model. Droplets impinge on both left and right zones of the 
skin, and the other boundary conditions are listed in Section 3. The simulated water 
film thickness H and ice layer thickness B are shown in Figure 4. Since the skin 
temperature is lower than the freezing point of water, at the early stage of icing, once 
the super-cooled droplet impinges on the surface, it freezes and the latent heat is 
dissipated through convection to air and conduction to skin, and the ice layer grows at 
its maximum rate. As ice layer grows, its heat conduction resistance increases. When 
the heat dissipation capacity is not strong enough to cover all the latent heat of water 
freezing, part of the droplets remain liquid, and the ice type evolves as glaze ice. As 
the heat conduction resistance increases, the icing rate decreases. 
Comparing the two temperature cases, the heat dissipation capacity of case 
263.15 K is stronger than that of case 270 K, therefore the transition time from rime 
ice to glaze ice of the former case is greater than that of the latter one, and its ice layer 
thickness is also greater. The difference in curve B+H of the two cases is due to that 
the density of rime ice is greater than that of glaze ice. In addition, the results of the 
present model match well with those obtained by Myers’ model, which validates the 
present unsteady thermodynamic model. 
 
Figure 4. Validation case results: thicknesses of ice layer and water film. 
4.2 Effect of Time Step 
To analyze the effect of time step on the unsteady ice accretion simulation, three 
cases are calculated with droplet impinging on all the upper skin surface, in which the 
time steps are 1 s, 0.5 s, and 0.25 s, respectively. The effect of the skin heat 
conduction is included, and the inner skin surface is in natural convection with the 
internal air. Figure 5 and Figure 6 show the results of the skin surface temperature and 
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the ice thickness. The curves of three cases show little difference. Only at the 
transition range from rime ice to glaze ice, a smaller time step could lead to a more 
precise description of the transition process. The comparison indicates that the present 
model is not sensitive to the selection of time step, since its time discretization 
scheme is implicit. The time step of 1 s would be applied in the following simulations. 
 
Figure 5. Time step case results: skin surface temperature. 
 
Figure 6. Time step case results: ice layer thickness. 
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4.3 Effect of Skin Normal Heat Conduction 
Icing cases are simulated with the present model considering the normal heat 
conduction of the skin substrate, and the results of ice layer thickness are compared 
with those of Myers’ model in which the skin heat conduction is neglected (the skin 
temperature is constant). In the present model, the boundary condition of the inner 
skin surface is set as constant temperature and natural convective heat transfer, 
respectively. The aluminum skin is used in the icing simulations. The results at 
Ta=263.15 K and Ta=270 K are shown in Figure 7, Figure 8, and Figure 9. 
 
Figure 7. The outer skin surface temperatures under different boundary conditions. 
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Figure 8. Results of the ice layer thickness at Ta=263.15 K. 
 
Figure 9. Results of the ice layer thickness at Ta=270 K. 
In the case that the inner skin surface is at constant temperature, the outer skin 
surface temperature increases at the early stage, then decreases slowly and tends to the 
constant temperature of the inner surface as shown in Figure 7. The reason is that the 
latent heat released by water freezing conducts to the skin, and increases the skin 
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temperature. As the ice layer grows, the heat conduction declines. Comparing with the 
result of Myers’ model, the ice layer thickness at rime ice region is consistent, while 
at glaze ice region, the ice layer thickness of the present model is smaller than Myers’ 
(see Figure 8 and 9), since the introduction of the skin normal heat conduction 
weakens the heat dissipation to the internal air. The transition from rime ice to glaze 
ice becomes earlier, and the ice layer is a little thinner as the heat resistance of the 
skin is small in the normal direction. 
In the case that the inner skin surface boundary is natural convection, the results 
show significant divergence with those of Myers’ model at the air temperatures of 
both 263.15 K and 270 K. In this case, the heat resistance from ice layer to internal air 
flow is large, therefore the skin temperature increases rapidly to the phase transition 
temperature of 273.15 K due to the latent heat of water freezing, and the substantial 
thermal capacitance associated with the skin would vanish at the very early stage of 
icing. Since the heat dissipation is restricted by the inner surface convection, the ice 
type would transition from rime ice to glaze ice rapidly, and the ice layer grows 
slowly.  
In general, the normal heat conduction has slight influence on the icing process, 
but the boundary condition of the inner skin surface would strongly affect the heat 
dissipation to the inner skin and the skin temperature distribution. The outer skin 
surface temperature in turn affects the heat dissipation, ice type, and ice layer 
thickness. The icing process is conjugate with the unsteady solid skin heat conduction. 
4.4 Effect of Skin Lateral Heat Conduction 
Considering that the external air-droplet condition along the wing surface could 
be non-uniform, water droplets might impinge on only part of the wing. In this section, 
the cases are simulated in which water droplet impingement only occurs in the left 
zone (see Figure 3) to discuss the effects of the skin lateral heat conduction on the 
icing process. The right zone of the aluminum skin substrate is exposed to the dry air 
convection, and the boundary condition of all the inner skin surface is natural 
convection. 
Figure 10 shows the temperature variation of the outer skin surface with time at 
the air temperature of 263.15 K. The surface temperature of the left zone raises 
immediately from the initial value as a result of the latent heat released by water 
freezing. Then, due to the lateral heat conduction from the left zone, the right zone 
temperature rises, and the temperature difference between the left and right zones 
narrows over time. After about 20 s, the surface temperature reaches its maximum. 
Then, it decreases and tends to be stable. This is due to two reasons: first, the growth 
of the ice layer hinders the heat transfer across the skin substrate at the left zone; 
second, the rise of the skin temperature, especially the surface temperature of the right 
zone, enhances the convective heat loss to air. Similar phenomenon that the surface 
temperature first increased then decreased was found in glaze icing experiment21, and 
it was explained to be caused by that the ice roughness enhanced the convection. 
From the present discussion, the lateral heat conduction might be another reason. 
 
Figure 10. Distributions of outer skin surface temperature at different time instants 
(Ta=263.15 K, aluminum). 
Figure 11 shows the temperature contour of the skin substrate when the 
temperature is stable at t=120 s. The lateral temperature gradient at the interface of the 
impinged and non-impinged zones is the largest, and decreases as it goes to the two 
sides of the skin. The heat flux enters the skin through the left outer surface, and 
dissipates through the right surface, therefore the lateral temperature gradient is larger 
at the outer surface (upside) than at the inner surface (downside). 
 
Figure 11. Temperature contour (K) of the skin substrate at t=120s. 
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The ice layer growth process is shown in Figure 12. At the early stage, the skin 
temperature is low and the impinging droplets freeze as rime ice. Since the heat is 
transferred from left to right in the skin, the temperature of left side of the impinged 
zone (x=0 mm) is higher than the rest of the area over time. Therefore, the heat 
dissipation to the inner skin there is weaker, glaze ice forms earlier, and the icing rate 
is smaller. At the right side of the impinged zone (x=15 mm), the temperature is lower 
than the left side due to the heat dissipation of the non-impinged zone, thus the 
transition from rime ice to glaze ice is later, and the ice thickness is greater. Due to the 
lateral temperature difference, the icing rate of the left side is always smaller than the 
right side in the impinged zone. This trend is more obvious in the case of 270 K 
(Figure 13). A higher ambient temperature leads to an earlier transition to glaze ice, 
and the icing rate difference between the left and right sides of the impinged zone is 
more notable. 
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Figure 12. Distributions of ice layer thickness at different time instants (Ta=263.15 K, 
aluminum). 
 
Figure 13. Distributions of ice layer thickness at different time instants (Ta=270 K, 
aluminum). 
Comparing Figure 12 and Figure 13 with Figure 8 and Figure 9, the ice layer 
thicknesses here are larger than those only considering normal heat conduction at the 
same time instants, but smaller than those of which the skin is at constant temperature. 
This is due to that the lateral heat conduction leads to a re-distribution of skin 
temperature. Therefore, to simulate the icing process more accurately, the skin heat 
conduction needs to be considered, instead of simply setting an adiabatic or a 
constant-temperature boundary. 
4.5 Effect of Skin Material Property 
In the above cases, the skin material is set as aluminum. In this section, the case 
with the skin material of steel is simulated, and the ambient air temperature is 263.15 
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K. As in Section 4.4, the droplet impingement only occurs at the left zone. The results 
of the outer skin surface temperature and ice layer thickness are shown in Figure 14 
and Figure 15, respectively. Comparing with the aluminum case (Figure 10 and Figure 
12), the conductivity of steel is less, so that the lateral skin heat conduction to the 
right side is weaker as well as the latent heat dissipation of water to the inner skin. 
The temperature increase of the left zone is more rapid, while that of the right zone is 
slower, leading to a larger lateral temperature difference. Therefore, the transition 
point to glaze ice is earlier than the aluminum case, and the ice layer thickness 
distribution is more uneven. In most of the area, the ice layer thickness is smaller than 
that of the aluminum case, but the value is greater at x=15 mm (the interface of the 
impinged and non-impinged zones, Point 2 in Fig. 3), since the lateral heat conduction 
is weaker and the local temperature is lower at this location. In addition, the 
temperature variation of the skin is similar with the aluminum case, which means the 
temperature increases at first then decreases. But the decrease rate is smaller due to 
larger thermal resistance of steel, especially at the right zone, the surface temperature 
increases to its maximum without any decline. 
 
Figure 14. Distributions of outer skin surface temperature at different time instants 
(Ta=263.15 K, steel). 
 
Figure 15. Distributions of ice layer thickness at different time instants (Ta=263.15 K, 
steel). 
Figure 16 and Figure 17 show the temperature and ice layer thickness variation 
at x=7.5 mm (the middle of the left zone, Point 1 in Fig. 3) and x=15 mm (the edge of 
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the impinged zone, Point 2 in Fig. 3) with different materials when Ta=263.15 K. The 
temperatures of both locations increase rapidly and then decrease gradually with time. 
The speed and amplitude of the temperature change of the aluminum skin are greater 
than those of the steel skin. The ice thicknesses of both materials are consistent at the 
rime ice stage, and the deviation appears at the glaze ice stage when the growth rate of 
the ice thickness is slower. Due to the heat dissipation of the non-impinged zone, the 
temperature at x=15 mm is always lower than that at x=7.5 mm, so that the ice 
thickness there is greater.  
At x=7.5 mm, the surface temperature of the steel skin is higher than that of the 
aluminum skin all the time, while its ice thickness is thinner and the thickness 
difference tends to increase over time. At x=15 mm, the surface temperature of the 
aluminum skin changes more rapidly than that of the steel skin with higher peak value. 
After decreasing at a higher speed, the surface temperature of the aluminum skin 
becomes lower than that of the steel skin. The ice layer thickness of the aluminum 
skin is smaller than that of the steel case, but the difference tends to decrease over 
time. To sum up, the ice accretion process would not only be affected by the material 
property of the skin substrate, but the icing characteristics could also differ at various 
locations. 
 
Figure 16. Results of surface temperature and ice layer thickness at x=7.5 mm. 
 
Figure 17. Results of surface temperature and ice layer thickness at x=15 mm. 
Conclusions 
A conjugate thermodynamic model of aircraft ice accretion process was 
established to consider the phase transition of icing and the unsteady solid conduction 
simultaneously, and a corresponding time-implicit solution algorithm was developed. 
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Icing cases of 2-D skin were numerically studied to obtain the variations of 
temperature and water film/ ice layer thickness over time, and the effects of solid heat 
conduction on icing characteristics were analyzed. The conclusions are as follows: 
1) In the simplified case where the skin substrate is at constant temperature, the 
result of present model matches well with that of Myers’ model. And the present 
model and solution algorithm are not sensitive to the selection of time step. 
2) The normal skin heat conduction would slightly affect the icing process with 
constant temperature as the inner skin surface boundary, but when the natural 
convection boundary condition is used, the skin temperature increases more rapidly 
and the ice layer thickness grows more slowly. 
3) Considering the lateral heat conduction of the skin substrate, the skin 
temperature increases firstly then decreases, explaining the phenomenon observed in 
the experiment. In addition, due to the lateral heat conduction, the icing rate is uneven, 
and the value near the dry zone is greater than that on other impinged surface. 
4) A smaller heat conductivity of the skin substrate leads to a larger lateral 
temperature gradient and a smaller temperature variation over time, and the icing rate 
is generally smaller and more uneven. The peak ice thickness with smaller heat 
conductivity could be even larger than that with higher heat conductivity. 
5) The water film runback has not been considered in the present icing model, 
and it will be studied in future research to analyze the effect of heat conduction on the 
heat and mass transfer process of ice accretion. 
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